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OMNI-DIRECTIONAL SOLID-STATE
THERMAL NEUTRON DETECTOR

CROSS-REFERENCE TO RELATED
APPLICATION

This application 1s a continuation-in-part of prior U.S.
patent application Ser. No. 10/322,813 now U.S. Pat. No.

7,372,009 filed 18 Dec. 2002 and i1ssued 13 May 2008. This
related U.S. Patent 1s incorporated by reference herein.

BACKGROUND

Commonly used thermal neutron detectors, such as gas
proportional counters and scintillation counters, have the
drawback of being bulky (not very portable) and are not
capable of, or readily configured for, determination of the
neutron flux direction (or the direction of a neutron source,
which 1s opposite to neutron flux direction). Gas proportional
counters also require high voltages, on the order of kilovolts,
which can be electronically noisy and susceptible to arcing,
due to environmental conditions. Solid state neutron detec-
tors based on silicon or germanium photodiodes and pho-
totransistors exist also, but they are quite small 1n size, and
typically require a neutron converter foil, such as gadolinium,
in front of the semiconductor device.

It 1s thus desirable to have a thermal neutron detector that
overcomes the above-described deficiencies and that 1s
capable of readily determining the direction of neutrons arriv-
ing from any direction.

SUMMARY

A directional neutron detecting apparatus includes first and
second neutron detectors. Each neutron detector includes a
thin planar sheet of neutron-reactive material; a first chmic
clectrode operably coupled to one side of the planar sheet of
neutron-reactive material; a second ohmic electrode operably
coupled to a second side of the planar sheet ol neutron-
reactive material; a voltage source operably coupled to the
first and second ohmic electrodes; and an electrical current
detector operably coupled 1n series between the first ohmic
clectrode and the voltage source. The first and second neutron
detectors are arranged so that their planar neutron-reactive
sheets are substantially parallel, opposing and are spaced
from each other. Multiple directional neutron detecting appa-
ratuses may be arranged mutually orthogonally to thereby
provide omni-directional neutron detection.

Other objects, advantages and new features will become
apparent from the following detailed description when con-
sidered 1n conjunction with the accompanied drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FI1G. 1 shows an embodiment of a representative individual
neutron detector according to the description herein.

FIG. 2 shows one embodiment of a representative direc-
tional neutron detecting apparatus according to the descrip-
tion herein.

FIG. 3 shows another embodiment of a representative
directional neutron detecting apparatus according to the
description herein.

FIG. 4A shows an example embodiment according to the
description herein wherein three directional neutron detect-
ing apparatuses are arranged 1n a cube configuration.
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FIG. 4B depicts another example embodiment according to
the description herein wherein three directional neutron
detecting apparatus elements are arranged 1n a cube-corner
configuration.

FIG. 5 illustrates relative count rate as received by a vari-
ously oriented directional neutron detecting apparatus.

DESCRIPTION

Various fast neutron (energy greater than 1 eV) detectors
with directional capability have been described by others. In
a real world environment, however, by the time the neutrons
reach the detector, most have been thermalized (energy
reduced to thermal energies, or around 0.025 V) by their
interaction with hydrogen-containing materials, such as
water vapor 1n the air, packaging material (wood and plas-
tics), water 1n soil, and people. A thermal neutron detector
with directional capability 1s therefore more practical than a
fast neutron detector with directional capability.

Neutrons can be detected by measurement of the secondary
charged particles that result from nuclear reactions such as:

n+'"B—'Li+a; 'Li.—=Li+y

where n represents a neutron, B represents a boron atom, L.
represents an excited lithium atom, and a represents an alpha
particle (helium nucleus). The symbol L1 represents a non-
excited lithium atom and y represents a gamma ray.

The 1.47 MeV alpha particles from this reaction create
clectron-hole pairs 1n the neutron-reactive material. Detec-
tion of these charge carriers before they recombine, or are
captured by traps, indicates the presence of the incident neu-
trons. The 1sotope boron-10, with 1ts relatively large cross
section for thermal neutrons (38377 barns), 1s particularly well
suited for neutron detection, and 1s commonly used 1n gas-
type counter detectors 1n the form of boron trifluoride gas,
BF,.

A solid-type detector utilizing for example boron nitride,
or another highly electrically resistive boron compound, will
have a greatly enhanced total cross section for neutrons, and
thus far better detector sensitivity for a given neutron-sensi-
tive, or active, volume. For example, the total cross section
increases by a factor of about 3000 1n going from BF, gas (at
room temperature and atmospheric pressure) to solid boron
nitride (BN). In addition, the wide band gap of BN (around 6
¢V lor the cubic crystalline phase of BN) should have better
room temperature detection operation, compared to other
semiconductor solid-state nuclear particle detectors, because
of reduced thermally induced recombination of electrons and
holes. Finally, pure BN 1s a very stable compound that can
withstand large variations 1n temperature and humidity with-
out degradation, and thus is suitable for use 1n a portable
detector unit that could be deployed in varied environments.

By applying an electric field across. BN, the free electrons
created by the above-described reaction can be swept up by
the boron nitride detector. Where a thin sheet of BN 1s used,
the relative thinness of the BN permits voltages to be applied
on the order of a few volts (rather than the kilovolts needed for
bulk samples and gas-based detectors). However, the elec-
trons must reach the electrodes producing the field before
they recombine with the simultaneously generated holes or
are captured by charge-trapping crystal defects.

Bulk BN, usually sintered from powder, contains many
defects, including boron or mitrogen vacancies, impurities,
grain boundaries, and porosity. Materials grown as films,
deposited under the right conditions, can have better crystal-
line perfection and purity, and therefore fewer defects, than
bulk polycrystalline solids.
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The film growth of BN allows the choice of two different
crystal phases: a hexagonal structure (hBN) analogous to the
graphite form of carbon; and a cubic phase (cCBN) analogous
to the diamond form of carbon. The hexagonal form of boron
nitride 1s widely available 1n large bulk pieces. These two
phases of BN have different values of mass density, and can
have different electrical properties, such as conductivity and
carrier mobility. Based on these characteristics, one BN phase
may be better suited for neutron detection than the other.

FI1G. 1 illustrates a single neutron detector according to the
description herein. As will be further described, such a single
neutron detector 1s combined with another single neutron
detector to provide what 1s termed here as a “directional
neutron detecting apparatus.” The directional neutron detect-
ing apparatus may then be combined turther with other direc-
tional neutron detecting apparatuses to enhance neutron

directivity detection and to ultimately provide omni-direction
neutron directivity detection.

Referring again to FIG. 1, a representative implementation
of an individual neutron detector 10 shown. Each such indi-
vidual detector 10 includes a semiconducting or nsulating
sheet 12 of neutron-reactive material sandwiched between
two parallel conducting electrodes, shown as first ohmic elec-

trode 14 and second ohmic electrode 16. As used herein, the
term “ohmic” means that the circuit resistance of the interface
or connection between the electrodes and sheet 12 1s small
compared to the resistance across the thickness of sheet 12. A
relatively small voltage 18 (typically a few volts) applied
between the two electrodes, produces an electric field within
the neutron-reactive material sheet that, in the presence of
free charge carriers 1n the sheet (produced by the above-
described nuclear reaction), leads to measured current flow
20 1n the external circuit supplying this voltage. The current
will either be continuous (for high neutron flux), or in the
form of charge pulses (for low neutron flux). Such a current 1s
casily measured by well-known electronic amplification and
discrimination techniques.

The amplitude of the current, or the signal rate of charge
pulses, increases as the number of free charge carriers (elec-
trons or holes) 1n the neutron-reactive sheet increases. This 1s
due to an increase in the thermal neutron flux through the
sheet. The current amplitude, or charge pulse rate, 1s therefore
a measure of the neutron flux level. The electronics used for
such measurements consist of simple low-power circuits that
will be readily apparent to those of ordinary skill in this art.

In the representative schematic of individual neutron
detector 10 shown 1n FIG. 1, current 1s measured with amme-
ter 20. The value of resistor 22 controls the voltage drop
across sheet 12. Also shown in FIG. 1 1s a separating layer 24
that 1s optional. Separating layer 24 could be used for desired
structural reinforcement and/or where 1t facilitates the manu-
facturing of detector 10. This layer could also include neutron
opaque qualities where considered an aid 1n neutron directiv-
ity assessment.

The detection method described here 1s useful for neutron
flux levels that are high enough to generate a steady current
that flows 1n addition to background, or dark, current. The
total measured current will thus be the sum of the dark current
and this additional, or excess, current. For low neutron flux
levels, the excess current will take the form of charge pulses.
In such a case, more complex but well-known circuitry can be
used to detect and count these current pulses.

For both measurement methods, the excess current 1s due
to the free charge carriers produced by the interaction of
thermal neutrons with the neutron-reactive sheet in the detec-
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tor. The amplitude of a continuous excess current, or the
signal rate of charge pulses, 1s therefore proportional to the
neutron flux at the detector.

The neutron-reactive sheet should be substantially defect-
free or else the free carners produced by the nuclear reaction
will be captured at defect sites before they can reach the
detector electrodes. Also, the electrical contact between the
neutron-reactive sheet and the electrodes should be conduct-
ing enough that the excess current 1s not blocked from flowing
in the external measurement circuit. An ohmic contact will
assure that this condition 1s met, and 1s considered superior to
a Schottky-barrier contact.

In addition, the electrical properties o the neutron-reactive
sheet must meet certain requirements, as will be 1llustrated 1n
an example presented below. These electrical properties
include carrer lifetime T, carrier mobility u, and resistivity p.
The mobility-lifetime product pt 1s the distance a free charge
carrier will travel, per unit applied electric field E, before
capture, trapping, or recombination. The distance utE must
therefore be on the order of the thickness of the neutron-
reactive material for freed charge carriers to reach the device
clectrodes. Also, the neutron-reactive material resistivity
must be high enough that the background, or dark, current
(1.e., the current flowing when no neutrons are incident on the
detector) 1s small compared to the current generated by the
detection process.

For example, for a dark current of 1 nA and a BN detector
element with a 1 um thickness, 1 cm? area, and a resistivity of
10'° Q-cm, the minimum required value of utis 10~ cm*/V.
To be practical, ut should be several times this value so that
the detection current 1s much greater than the dark current. IT
this requirement 1s not met, the detection current will be
overshadowed by the dark current, and therefore not easily
measured.

FIG. 2 1illustrates a first representative embodiment of a
directional neutron detecting apparatus 26. Apparatus 26
includes first 28' and second 28" neutron detectors. Each of
these detectors includes a planar neutron-reactive sheet 30
and 30", a first ohmic electrode 32' and 32" operably coupled
to one side of the sheets 30" and 30", respectively, and second
ohmic electrodes 34' and 34" operably coupled to a second
side of sheets 30" and 32", respectively. As can be seen 1n this
figure, sheets 30' and 30" are arranged to be substantially
parallel, opposing and spaced from each other. Shown as part
of detectors 28' and 28" are previously described accompa-
nying electronics, as identified and referenced 1n the descrip-
tion of the embodiment shown 1n FIG. 1. Also shown 1in FIG.
2 15 a separating layer 36 that 1s shared by detectors 28' and
28". Layer 36 1s placed between the neutron detectors.

In FIG. 3, a second representative embodiment of a direc-
tional neutron detecting apparatus 1s shown. Directional neu-
tron detecting apparatus 46 includes first 48' and second 48"
neutron detectors. Each of these detectors includes a planar
sheet of neutron-reactive material 50' and 50", a first ohmic
clectrode 352' and 52"operably coupled to one side of the
sheets 50' and 50", respectively, and a second ohmic electrode
54 common to both detectors and operably coupled to a
second side of sheets 50" and 50", respectively. As can be seen
in this figure, sheets 50" and 50" are arranged to be substan-
tially parallel, opposing and spaced from each other. Shown
as part of detectors 28' and 28" are previously described
accompanying electronics, as have been identified and refer-
enced 1n the embodiment shown 1n FIG. 1.

An omni-directional neutron detector 1s made possible by
arranging three directional neutron detecting apparatuses
orthogonally (1.e., oriented at right angles with respect to each
other). This arrangement may take many forms, the cube and
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cube comner, being two examples of such configurations. FIG.
4A 1llustrates a cube configuration wherein each pair of
opposing sides of the cube makes up a directional neutron
detecting apparatus, in this instance, one of three orthogo-
nally arranged pairs. In the illustration, the opposing sides
have been like-shaded and slightly off-set for clarity.

Another exemplary configuration 1s that of a cube corner,
shown 1n FIG. 4B, wherein each plane of the comer consists
of a single directional neutron detecting apparatus, including
two planar neutron detectors that are stacked back-to-back.

For these and other configurations, each detector absorbs a
substantial fraction of the incident thermal neutrons, thereby
facilitating determination of the neutron flux direction. This
absorption characteristic will now be discussed 1n greater
detail.

Consider the aspect ratio of a detector to be the ratio of a
linear dimension of a planar face of the neutron-reactive
sheet, such as width, length or diameter, for example, to the
thickness of the sheet. This aspect ratio can be from about 10
to 1000 or more. A detector having a neutron-reactive sheet of
such a high aspect ratio means that essentially all detected
neutrons enter the detector from one side or the other, and
essentially no detected neutrons enter the detector edge-on.
The highly two-dimensional nature of the planar detector can
therefore be used to determine 11 the neutrons approach from
the lett or from the right of the neutron-reactive sheet (looking,
at the detector edge-on). Note, however, that 1f only one
detector 1s used, the detected neutrons could have come {from
either the left or from the right of the detector. There 1s no way
of knowing from which of these two directions the neutrons
were 1ncident on the detector.

By combining two planar detectors (with parallel and over-
lapping planes), each of which absorbs some or all of the
incident thermal neutrons, the neutron origination direction
can be determined.

Consider the case where both detectors are opaque to the
transmission of incident neutrons. In that case, a detected
neutron came from the lett it detected by the left-hand detec-
tor, and from the right if detected by the right-hand detector.
For the case where some but not all of the incident thermal
neutrons are absorbed by an individual detector (but both the
left- and right-hand detectors each absorb the same fraction of
neutrons ), the neutrons are incident from the left if the detec-
tion or count rate (neutrons detected per second, or counts per
second) 1s higher for the left-hand detector, and from the nght
if the count rate 1s higher for the right-hand detector.

As described above, a pair of parallel, overlapping planar
detectors (the pair forming a single neutron detecting appa-
ratus) can be combined with two other such detecting appa-
ratuses, such that the three detecting apparatuses are oriented
at right angles to each other, as shown in FIGS. 4A-4B. In
these figures, accompanying electronics have been removed
tor visual clarty. FIG. 4 A 1s also used to 1llustrate the above-
described aspect ratio of a detector, not drawn to scale,
wherein a thickness 60 1s shown 1n relation to a width 62 and
length 64 of a planar face 66 of planar sheet 68 of neutron-
reactive material.

By measuring and comparing the thermal neutron detec-
tion count rate for each of the six detectors, the direction (in
3-dimensional space) of the incident neutron flux can be
determined. An example of looking edge-on at a pair of par-
allel detectors (a single neutron detecting apparatus), each
opaque to the transmission of thermal neutrons for 1llustration
purposes, 1s shown 1n FIG. 5. In this figure, the arrows show
the direction of the neutron tlux.

The omni-directional neutron detector disclosed herein has
potential use 1n the inspection of nuclear radiating sources,
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the monitoring of nuclear worker satety, hazardous materials
assessment, and nuclear weapons surveying.

In the omni-directional neutron detector described herein,
neutron flux direction can be determined using non-opaque
neutron detectors. For example, suppose each detector trans-
mits 20% (or absorbs 80%) of the thermal neutrons that are
incident normally (1.e., at an angle of 90°) on the detector’s
neutron-reactive plane. For a neutron flux incident from the
lett (looking edge-on at the detector pair), the left-hand detec-
tor will detect 80% of the incident thermal neutrons, and the
right-hand detector will detect 16% of the incident thermal
neutrons (80% of the 20% transmitted by the left-hand detec-
tor). Because the left-hand detector detects more neutrons
than the right-hand detector, the neutron tlux 1s determined to
be from the left rather than the nght.

Alternatively, each planar detector, even i not thick
enough to be completely opaque to the transmission of ther-
mal neutrons, could be backed by a sheet of matenial (such as
cadmium) that blocks any transmitted neutrons and still
achieve the same directionality capability, albeit at the pos-
sible expense of detection sensitivity. This approach simpli-
fies assessment of the neutron flux direction.

The BN sheet, such as described herein, could be formed as
a film using any number of known production techniques. The
BN portion of the detector could also be a bulk form of the
material, rather than a film. The bulk BN will need to meet the
same property requirements discussed above, and be thin
enough to (1) permit the use of relatively low electrode volt-
ages and (2) have a high enough aspect ratio to provide the
capability of neutron flux direction determination.

Neutron-reactive materials other than BN, such as other
boron-containing compounds, or other materials containing
chemical elements that have a high cross section of reaction
with thermal neutrons, could also be used 1n the individual
neutron-reactive detectors. Combinations of various materi-
als (one of which must be a good reaction target for thermal
neutrons), 1n the form of alloys, superlattices, or multi-layers,
for example, are also possible candidates. Some example
neutron-reactive materials are boron, gadolinium, lithium,
cadmium, samarium, europium, a boron compound, a gado-
lintum compound, a lithium compound, a cadmium com-
pound, a samarium compound and a europium compound.

Additional individual detectors elements could be stacked
(back-to-back) to increase the percentage of neutrons that
react with the neutron-reactive material (effectively increas-
ing the neutron-reactive material thickness), or placed side-
by-side 1n an array (eflectively increasing the neutron-reac-
tive material area). In the case of an omni-directional detector
in the form ot a cube, each cube face could consist of two or
more individual neutron detecting apparatuses stacked back-
to-back or placed side-to-side.

The electrodes for either the hexagonal or cubic form of
BN could be made, for example, of metals compatible with
BN, or be of highly doped (and therefore relatively highly
conducting) BN 1itself. Another way to configure a single
detector 1s to use alternating layers of neutron-reactive mate-
rial and electrode material, with the voltage on each electrode
layer opposite to that on the next nearest electrode layer.
When a substrate 1s used in conjunction with a detector, 1t
could act as an bottom (or top) electrode for the neutron-
reactive layer. The substrate could also act as a top electrode
for a neutron-reactive sheet on one side of the substrate, and
as the bottom electrode for a neutron-reactive sheet on the
other side of the substrate.

Of the two common BN crystal phases, hexagonal and
cubic, the latter 1s denser by a factor of about 1.5, and so the
total neutron absorption cross section of ¢cBN 1s 1.5 times
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larger than that of hBN. Also, the percentage of the boron-10
1sotope 1n naturally occurring boron 1s 19.6%. By enriching
the boron content of a BN detecting element to 100% boron-
10, a further increase 1n neutron absorption cross section by a
factor of about 5 can be obtained.

If desired, the omni-directional neutron detector disclosed
herein could also be used to detect the presence and direction
ol a fast neutron flux by encasing the detector 1n a neutron
moderating material such as polyethylene. Alternatively,
cach detecting apparatus, or each individual detector, could
be encased 1n such a material.

Compared to gas proportional counters and scintillation
counters, the disclosed omni-directional neutron detector 1s a
very compact device, and has the advantage of being able to
determine incident neutron flux direction (from any spatial
direction).

The total thickness of the neutron-reactive detector sheet
would typically be less than 1 mm. The area of a single
neutron-reactive detector sheet would be on the order of a few
square centimeters (depending on the sheet thickness and
clectrical properties, as well as the desired detection sensitiv-
ity). The volume of an omni-directional detector comprising
three neutron detecting apparatuses would range approxi-
mately from approximately 1 to approximately 100 cm’.
Because the voltage applied across a BN neutron-reactive
sheet 1s on the order of a few volts, compared to kilovolts for
prior art detectors, problems associated with high voltage
(arcing, and the extra space or insulation needed to prevent
arcing) are avoided. Operation at low voltage also means that
the electronics used to apply the electrode voltage and to
measure the detector current can be simpler, more compact,
safer to the user, and much less power consuming.

Obviously, many modifications and variations are possible
in light of the above description. It 1s therefore to be under-
stood that within the scope of the claims, the invention may be
practiced otherwise than as has been specifically described.

What 1s claimed 1s:

1. A directional neutron detecting apparatus comprising:

a first neutron detector, said first neutron detector including

a planar sheet of neutron-reactive material;

a first ohmic electrode operably coupled directly to one
side of said planar sheet of neutron-reactive material;

a second ohmic electrode operably coupled directly to a
second side of said planar sheet of neutron-reactive
material;

a voltage source operably coupled to said first and sec-
ond ohmic electrodes; and

an electrical current detector operably coupled 1n series
between said first ohmic electrode and said voltage
source, and

a second neutron detector, said second neutron detector

including

a planar sheet of neutron-reactive material;

a first ohmic electrode operably coupled directly to one
side of said planar sheet of neutron-reactive material;

a second ohmic electrode operably coupled directly to a
second side of said planar sheet of neutron-reactive
material;
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a voltage source operably coupled to said first and sec-
ond ohmic electrodes; and

an electrical current detector operably coupled 1n series
between said first ohmic electrode and said voltage
source,

wherein said first and second neutron detectors are

arranged so that their planar sheets of neutron-reactive
material are substantially parallel, opposing and are
spaced from each other and wherein said planar sheets of
neutron-reactive material each have a thickness and a
planar face, said planar face having a linear dimension
wherein said planar sheet 1s categorized by an aspect
ratio, said aspect ratio being a ratio of said linear dimen-
ston to said thickness of said neutron-reactive material
sheet, and further wherein said aspect ratio 1s at least 10.

2. The directional neutron detecting apparatus of claim 1
wherein said second ohmic electrode of said first neutron
detector and said second ohmic electrode of said second
neutron detector are one and the same.

3. The directional neutron detecting apparatus of claim 1
wherein a separating layer 1s positioned between said neutron
detectors.

4. The directional neutron detecting apparatus of claim 3
wherein said separating layer 1s a supporting substrate.

5. The directional neutron detecting apparatus of claim 3
wherein said separating layer 1s substantially opaque to neu-
trons.

6. The directional neutron detecting apparatus of claim 1
wherein each of said first and second neutron detectors fur-
ther include a resistor operably coupled between the corre-
sponding detector’s voltage source and second ohmic elec-
trode.

7. The directional neutron detecting apparatus of claim 1
wherein a first said directional neutron detecting apparatus 1s
disposed orthogonally with respect to another said directional
neutron detecting apparatus.

8. The directional neutron detecting apparatus of claim 1
wherein three of said directional neutron detecting appara-
tuses are configured into a cube configuration.

9. The directional neutron detecting apparatus of claim 1
wherein three of said directional neutron detecting appara-
tuses are configured 1nto a cube-corner configuration.

10. The directional neutron detecting apparatus of claim 1
wherein said aspect ratio 1s approximately 1000.

11. The directional neutron detecting apparatus of claim 10
wherein said neutron-reactive material 1s selected from the
group consisting essentially of boron, gadolinium, lithium,
cadmium, samarium, europium, a boron compound, a gado-
lintlum compound, a lithium compound, a cadmium com-
pound, a samartum compound and a europium compound.

12. The directional neutron detecting apparatus of claim 1
wherein said neutron-reactive material 1s selected from the
group consisting essentially of boron, gadolinium, lithium,
cadmium, samarium, europium, a boron compound, a gado-
lintum compound, a lithium compound, a cadmium com-
pound, a samarium compound and a europium compound.



	Front Page
	Drawings
	Specification
	Claims

